Three independent predictions follow from postulating the existence of protons co-accelerated with electrons in extragalactic jets (i) multi-TeV gamma ray emission from nearby blazars, (ii) extragalactic cosmic ray protons up to ∼ 10 8 TeV, and (iii) extragalactic neutrinos up to ∼ 10 6.5 TeV. Recent gamma ray observations of Mrk 421 and Mrk 501 employing the air-Cerenkov technique are consistent with the predicted gamma ray spectrum, if one corrects for pair attenuation on the infrared background. Prediction (ii) is consistent with cosmic ray data, if one requires that jets are responsible for the extragalactic gamma ray background above 100 MeV. With kubic kilometer neutrino telescopes, it will be possible to test (iii), although the muon event rates are rather low. Neutrino oscillations can increase the event rate by inducing tau-cascades removing the Earth shadowing effect.
Introduction
In the early days after the discovery of extragalactic radio sources, it was a widely held belief that the relativistic electrons responsible for the observed synchrotron emission were secondary electrons from pp-interactions of accelerated protons on ambient gas (1; 2). Protons and ions were known to be the by far dominant species in the observed cosmic rays, and this was expected to be mirrored at their acceleration sites. Nevertheless, the picture was soon given up, since it would require enormous amounts of target matter in the jets which were inconsistent with the energetics and the non-observation of emission lines and bremsstrahlung. An electron-positron composition of the jets was also suggested from theory claiming that the plasma feeding radio jets should be due to pair production in the ergosphere of a maximally rotating black hole (3) . The dielectric properties of radio jets inferred from observations of weak Faraday rotation and circular polarization in the jet of 3C279 lend further support to a light composition (4) . However, this picture also bears several fallacies.
Target matter does not have to be present at all, the synchrotron photons produced by electrons are sufficient to halt the acceleration of protons at very high energies (5; 6) . Even if the original composition of the jet plasma is light, polluting baryons from the ambient medium quickly take over most of the jet's momentum, so that the acceleration mechanism must eventually tap baryonic kinetic energy. In fact, for gamma ray bursts, this is believed to be the crucial explanation for the fact that the burst energy is tapped only by shock fronts far away from the site of the original pair fireball (8) . Inferences of the plasma composition based on measurements of polarization and Faraday rotation are based on the assumption that the particle distribution observed in the optically thin synchrotron regime traces down to lower energies which is known to lead to theoretical inconsistencies (9) . Since the radiative properties are determined by the particles with the highest energies whilst the dielectric properties by those with the lowest energies, there is a general mismatch in the conclusions drawn from observations sensitive to either regime.
It may be a good advice not be too narrow-minded when confronted with a new observational result such as the multi-TeV observations of Mrk 501 and Mrk 421 and to include as many independent facts as possible. If the gamma rays are of a hadronic origin, there are a number of corollaries which allow to falsify the claim from very different sides, whereas the arguments for a purely leptonic origin of the gamma rays boil down to some version of Ockham's razor. I wonder whether that is enough to get around the symptomatic fact that there was no prediction of multi-TeV emission from leptonic models prior to the observations. Moreover, there are severe problems with leptonic models, such as the missing intrinsic curvature in the multi-TeV spectrum of Mrk 501 as was pointed out in ref. (10) . The lower limits on the infrared background already imply that the intrinsic spectrum must be rather flat or even upturning (11) .
Is it not much more in the sense of Ockham's razor, if one finds that the same sources which very likely produce most of the extragalactic gamma rays would at the same time produce cosmic rays at energies where it is difficult to find any other astrophysical source supplying enough power? There are two independent observations and only one model. According to Landau, a third independent fact is needed to consider a novel theoretical claim seriously, and the high-energy neutrinos are a welcome property of hadronic accelerators intimately connected with multi-TeV gamma rays.
Origins of extragalactic background radiation
Inspection of Fig. 1 shows an interesting pattern in the present-day energy density of the diffuse isotropic background radiation consisting of a sequence of bumps each with a strength that is decreasing with photon energy. The microwave bump is recognized as the signature of the big bang at the time of decoupling with its energy density given by the Stefan-Boltzmann law u 3K = σT 4 . The bump in the far-infrared is due to star formation in early galaxies, since part of the stellar light, which is visible as the bump at visible wavelengths, is reprocessed by dust obscuring the star-forming regions. The energy density of the two bumps can be inferred from the present-day heavy element abundances. Heavy elements have a mass fraction Z = 0.03 and were produced in early bursts of star formation by nucleosynthesis with radiative efficiency ǫ = 0.007 yielding u ns ∼ (ρ * Zǫc 2 )/(1 + z f ) and after inserting plausible parameter values ∼ 6 × 10 −3 (Ω * h 2 /0.01)
for the sum of the far-infrared and optical bump. Probably all galaxies (except dwarfs) contain supermassive black holes in their centers which are actively accreting over a fraction of t agn /t * ∼ 10 −2 of their lifetime implying that the electromagnetic radiation released by the accreting black holes amounts to u accr ∼ (ǫ accr M bh )/(ZǫM * )(t agn /t * )u ns ∼ 1.4 × 10 −4 eV cm −3 adopting the accretion efficiency ǫ accr = 0.1 and the black hole mass fraction M bh /M * = 0.005 (12) . Most of the accretion power emerges in the ultraviolet where the diffuse background is unobservable owing to photoelectric absorption by the neutral component of the interstellar medium. However, a fraction of u x /u bh ∼ 20% taken from the average quasar spectral energy distribution (13) shows up in hard X-rays due to coronal emission from the accretion disk to produce the diffuse isotropic X-ray background bump with u x ∼ 2.8 × 10 −5 eV cm −3 (14) . Jets with non-thermal γ-ray emission show up only in the radio-loud fraction ξ rl ∼ 20% of all AGN and their kinetic power roughly equals the accretion power (15) . Hence one obtains for the energy density in extragalactic jets
If unresolved extragalactic jets are responsible for the diffuse gamma ray background, the particle acceleration efficiency is constrained by ξ acc = u acc /u j = u γ /(ξ rad u j ) where u j denotes the total (kinetic + magnetic + randomized relativistic particle) energy density in extragalactic jets. Inserting the energy density of the observed extragalactic gamma ray background 1 one obtains a limit for the acceleration efficiency ξ acc ≥ 0.18ξ −1 rad (ξ rl /0.2) −1 which is of the same order of magnitude as the 13% efficiency required for supernova remnants to produce the Galactic cosmic rays. Accelerated protons achieve this high radiative efficiency, if they reach energies of up to 10 8 TeV. In the next section it is shown that protons at such high energies can not go unnoticed, they produce interesting gamma ray spectra owing to the photo-production of secondaries. Some of the protons turn into neutrons due to π + production and leave the jets without adiabatic losses. These particles would have just the right flux to produce the observed extragalactic cosmic rays dominating the local spectrum above 10 18.5 eV, as will be shown in sect.4.
Comparison of proton blazar predictions with observed multi-TeV spectra
The proton blazar model is a straightforward generalization of relativistic jet models adding accelerated protons to the assumed accelerated electrons (7) . It is further assumed in the original model that the magnetic field pressure dominates over that in relativistic particles implying that synchrotron cooling dominates over Compton cooling. Evaluating a simple conical jet model shows that typical blazars are optically thin to gamma rays up to the TeV range. Unsaturated synchrotron cascades initiated by accelerated protons interacting with the synchrotron photons from the accelerated electrons are computed as the stationary solution of a coupled set of kinetic equations which is then Doppler boosted to an appropriate observer's frame. A series solution is found employing Banach's fixed point theorem which can be physically interpreted as a series of superimposed cascade generations. The cascade generation of gamma rays emerging in the TeV range on the optically thin side has a spectral index s ∼ 1.7 (differential spectrum I • ) steepening by α = 0.5 − 0.7 above TeV. The index α is the energy index of the optical synchrotron photons which act as a target for both gamma rays and protons. The reason for the break is the onset of intrinsic pair attenuation characterized by the escape probability I γ = P esc I • for a homogeneously mixed absorber and emitter
The shape of the multi-TeV spectrum is therefore not sensitive to changes in the maximum energy and can remain constant under large-amplitude changes of the flux associated with changes in the maximum energy. The observed multi-TeV spectrum is additionally modified by the quasi-exponential pair attenuation due to collisions of the gamma rays with photons from the infrared background. A recent evaluation of this background based on direct measurements obtained by COBE in the far-infrared, and inferred as a lower limit from number counts based on ISO observations of the HDF shows that this effect compensates the shallow downward curvature discovered by the HEGRA collaboration in the spectrum of Mrk 501 (see the contribution by Konolpenko, this volume).
Neutrino and cosmic ray predictions
The photo-production of pions leads to the emission of neutrons and neutrinos. The neutrons decay to protons, and such extragalactic cosmic rays suffer energy losses traversing the microwave background (18) . At an observed energy of 10 19 eV, the energy-loss distance is λ p ∼ 1 Gpc owing to pair production. This distance corresponds to a redshift z p determined by
with Ω + Ω R + Ω Λ = 1. Almost independent on cosmology, the resulting value for z p is given by z p = h 50 /(6−h 50 ) ≃ 0.2h 50 where h 50 = H • /50 km s −1 Mpc −1 . Therefore, when computing the contribution of extragalactic sources to the observed cosmic ray flux above 10 19 eV, only sources with z ≤ z p must be considered. Assuming further that extragalactic sources of cosmic rays and neutrinos are homogeneously distributed with a monochromatic luminosity density Ψ(z) ∝ (1 + z) 3+k where k ∼ 3 for AGN (17) , their contribution to the energy density of a present-day diffuse isotropic background is given by
where z m = 2 denotes the redshift of maximum luminosity density. The factor (1 + z) −4 accounts for the expansion of space and the redshift of energy. For a simple analytical estimate of the effect of energy losses on the proton energy density at 10 19 eV, we collect only protons from sources out to the horizon redshift z p ∼ 0.2 for 10 19 eV protons, whereas neutrinos are collected from sources out to the redshift of their maximum luminosity density z m . This yields the energy density ratio for neutrinos at an observed energy of ∼ 5 10 17 eV and protons at 10 19 eV Fig. 2 shows exact energy-dependent results for Ω = 1 from a full Monte-Carlo simulation employing the matrix doubling method of Protheroe & Johnson (19) and using the model A neutrino spectrum from the original work (20) . The associated gamma ray flux corresponds to the observed background flux above 100 MeV 2 . The neutrino flux is consistent with the bound given in ref. (21) , although it is possible to have extragalactic neutrino sources of higher neutrinos fluxes without violating the observed cosmic ray data as a bound (22) .
Neutrino oscillations and event rates
The neutrino flux shown in Fig. 2 corresponds to a very low muon event rate even in a km 2 detector which is of the order of 1 event per year and per steradian. This event rate could be increased if there is additional neutrino production due to pp-interactions of escaping nucleons diffusing through the host galaxies, but that is difficult to predict. The reason for the low rate is that the neutrino spectrum is extremely hard, a differential proton spectrum of index s p = 2 photo-producing pions in a synchrotron photon target also with differential index s syn = 2 yields a differential neutrino spectrum of index s ν = 1 (dN/dE ∝ E −s ) up to some very high energy. The spectrum may be more shallow, if the target photons have a spectral index of 0.7 as suggested for Mrk 501, thereby increasing the number of lower energy neutrinos while keeping the bolometric flux the same. Because of the long lever arm from 10 6.5 TeV to 1 TeV, a factor of ∼ 100 increase in the event rate would result from this effect.
At this point the discovery of neutrino mass announced by the Super-Kamiokande collaboration comes in changing the situation in a major way. A deficit of atmospheric muon neutrinos was observed with Super-Kamiokande at large zenith angles with the most likely explanation being a full-amplitude oscillation of muon flavor eigenstates to tauon flavor eigenstates across the Earth at GeV energies. While this would make long-baseline experiments searching for the appearance of the tauon in a muon neutrino beam with laboratory beams extremely difficult (if not impossible), it qualifies the expected extragalactic sources of muon neutrinos as an ideal neutrino beam. The energies are high enough to produce tauons on the mass-shell and the distance large enough to obtain full mixing. Since tauons decay before interacting in the Earth and since the Earth is opaque to tau neutrinos above ∼ 100 TeV, a fully mixed extragalactic muon neutrino beam must initiate tauon cascades in the Earth shifting the tauon neutrino flux down to energies of ∼ 100 TeV (23) and obliterating the Earth-shadowing effect (24) that makes the muon solid ange very narrow at high energies.
Discussion and summary
The multi-TeV spectra from nearby blazars prediced on the basis of the proton blazar model are in accord with the observations if the effect of pair attenuation due to the extragalactic infrared background is taken into account. Variability patterns are similar to those in synchrotron-self-Compton models, but more complex, since variations of the target photon flux fold into the cascade development in a non-linear manner. Short time scale variability is likely to reflect the passage of shocks through inhomogeneities and correspond to cooling time scale variations. If the cosmic rays flux emitted by hadronic accelerators equals that of the observed cosmic rays above 10 7 TeV, the associated gamma ray power from these sources is enough to produce the observed extragalactic gamma ray background above about 100 MeV. The gamma ray power is larger than that in cosmic rays, since the cosmic rays lose energy traversing the low-energy background radiation fields and most sources have high redshifts.
Strong evolution of their luminosity density would rule out GRBs as possible sources of the highest energy cosmic rays, since their cumulative gamma ray flux is far below the extragalactic gamma ray flux. Although the expected muon event rate in neutrino telescopes is low, neutrino oscillations lead to tau cascades canceling the Earth shadowing effect thereby increasing the detection probability.
